The Allam cycle is a novel CO₂, oxy-fuel power cycle that utilizes hydrocarbon fuels while inherently capturing approximately 100% of atmospheric emissions, including nearly all CO₂ emissions at a cost of electricity that is highly competitive with the best available energy production systems that do not employ CO₂ capture. The proprietary system achieves these results through a semiclosed-loop, high-pressure, low-pressure-ratio recuperated Brayton cycle that uses supercritical CO₂ as the working fluid, dramatically reducing energy losses compared to steam-and air-based cycles. In conventional cycles, the separation and removal of low concentration combustion derived impurities such as CO₂ results in a large additional capital cost and increased parasitic power. As a result, removal in conventional cycles can increase the cost of electricity by 50% to 70% [1] . The compelling economics of the Allam Cycle are driven by high target efficiencies, 59% net for natural gas and 51% net for coal (LHV basis) while inherently capturing nearly 100% CO₂ at pipeline pressure with low projected capital and O&M costs. Additionally, for a small reduction in performance the cycle can run substantially water free. The system employs only a single turbine, utilizes a small plant footprint, and requires smaller and fewer components than conventional hydrocarbon fueled systems. The Allam Cycle was first presented at . Since then, significant progress has been made, including detailed system design, component testing and the construction of a 50 MWth demonstration plant commencing in Q1 2016 and now entering commissioning as of Q4 2016. This paper will review the development status of the Allam Cycle; for the demonstration plant, the construction and commissioning status, schedule, key components, layout, and detailed design; turbine design, manufacturing status; development of a novel dynamic control system and control simulator for the demonstration plant; and other key aspects of the cycle. It will provide an update on the progress of the gasified solid fuel Allam Cycle and then address the overall Allam Cycle commercialization program, benefits and applications, and the expected design of the natural gas 300 MWe commercial NET Power plant projected for 2020.
update on the progress of the gasified solid fuel Allam Cycle and then address the overall Allam Cycle commercialization program, benefits and applications, and the expected design of the natural gas 300 MWe commercial NET Power plant projected for 2020.
The first full-scale, 300 MWe Allam Cycle commercial plant based on natural gas fuel is currently in the design phase. A pre-FEED study of the commercial-scale plant has been completed. Numerous commercial partners are already engaged and vetting potential sites. The first commercial plant is expected to become operational in 2020.
In addition to the demonstration of the natural gas Allam Cycle, 8 Rivers Capital continues to advance the gasified coal-based Allam Cycle, having completed several feasibility design studies. Current activity covers the design of the combustor, validation of 8 Rivers' proprietary, novel coal-derived impurity removal system, corrosion testing, and gasifier selection. This work is being completed with a consortium of stakeholders from the State of North Dakota that includes the Energy & Environment Research Center, ALLETE, and Basin Electric.
Core Allam Cycle Description

Allam Cycle for Natural Gas Fuel
The Allam Cycle is a power cycle that utilizes a recirculating, trans-critical CO₂ working fluid in a high-pressure, low-pressure-ratio, highly recuperated Brayton cycle [8] . The cycle operates with a single turbine that has an inlet pressure of approximately 300 bar and a pressure ratio of 10. The basic schematic employing natural gas fuel is depicted in Figure 1 with a stream flow summary in Table 1 . These values are a simplified representation of a commercial scale plant without depicting additional detail for optimized heat exchanger, compressor, and turbine performance. A pressurized gaseous fuel (14) is combusted in the presence of a hot oxidant flow containing a mixture of CO₂ and nominally pure oxygen (13, provided by a co-located Air Separation Unit (ASU)) and a hot CO₂ diluent recycle stream (9) at approximately 300 bar under lean combustion conditions. The exhaust flow exiting the combustor is expanded through a turbine to approximately 30 bar, reducing in temperature to above 700°C (1) . Following the turbine, the exhaust flow enters a recuperating heat exchanger which transfers heat from the hot exhaust flow to the Figure 1 : Process schematic of a simplified commercial scale natural gas Allam Cycle aforementioned high pressure CO₂ recycle stream which acts as diluent quench for the combustion products and lowers the turbine inlet temperature to an acceptable level of 1150°C, as well as the oxidant flow providing oxygen to the combustor flame zone. Exiting the primary heat exchanger (2) , the turbine exhaust flow is cooled to near ambient temperature and combustion derived water is separated (3) . The predominantly CO₂ fluid stream is then recompressed (4) , cooled (7) , and pumped to approximately 300 bar pressure where it then reenters the cold end of the recuperative heat exchanger. At a point before entering the heat exchanger, a portion of the recycle CO₂ (10) is mixed with oxygen (11) to form an oxidant mix stream (12) which is fed separately to the heat exchanger and turbine. Within the main process heat exchanger, the recycle flows undergo reheating against the hot turbine exhaust before returning to the combustor at temperatures exceeding 700°C. In order to maintain mass balance within the semi-closed cycle, a portion of the high purity CO₂ process gas is exported at a point within recompression to a high pressure CO₂ pipeline for sequestration or utilization. This net export is approximately 5% of the total recycle flow, meaning the majority of the process inventory is recirculated. 2  43  29  564  3  17  29  563  4  23  100  909  5  23  100  881  6  23  100  28  7  16  100  881  8  16  100  689  9  717  312  586  10  16  100  191  11  16  100  41  12  2  99  233  13  717  310  233  14  266  330  10 The operating points for a simplified Allam Cycle CO₂ power cycle are shown on a pressure-enthalpy diagram for pure CO₂ in Figure 2 . This diagram shows a turbine inlet condition of 300 bar and 1150°C and an outlet pressure of 30 bar. Note that the presence of H₂O, inert N₂, Ar, and O₂ plus fuel and combustion-derived impurities will modify the physical properties of pure CO₂ slightly. The turbine inlet is defined by point A and the turbine outlet at point B, which also refers to the inlet of the hot end of the recuperating heat exchanger. The fuel heat input to the combustor is equivalent to A-K. The heat transferred from the turbine exhaust to the high pressure recycle stream is B-C and the heat received by the recycle stream from this heat transfer is K-J. Following ambient cooling from points C to D and water separation, the cooled turbine exhaust enters a two stage CO₂ compressor with an intercooler inlet at point E. In the second stage it is compressed from point F to G, at a pressure above the critical pressure of the predominantly CO₂ stream. The compressor after-cooler then cools the supercritical CO₂ stream to near ambient temperature at point H. This results in an increase in density from 0.15 kg/m3 to 0.85 kg/m3. A multi-stage centrifugal pump then raises the CO₂ working fluid pressure from point H to 300 bar at point I. The net product CO₂ is removed at or before this point and the remaining process flow enters the recuperating heat exchanger. A portion of heat from a collocated ASU or other source of waste heat provides energy from J-I (to be addressed below) and then the hot exhaust provides recuperated energy in K-J to provide the total reheating energy of K-I. The heated recycle CO₂ flow leaves the economizer heat exchanger and enters the combustor at point K, where it mixes with the combustion products from a methane stream burned with oxygen. To achieve high overall power generation efficiency, a close temperature approach is required at the hot end of the heat exchanger. It can be seen that there is a very significant imbalance between the heat liberated by the low pressure turbine exhaust (B-C) and the heat required to raise the temperature of the high pressure recycle stream (K-I). This imbalance is due to the very large difference in the specific heat of CO₂ in the 300 bar recycle stream compared to the 30 bar turbine exhaust stream at the low temperature end of the recuperating heat exchanger. The imbalance can be corrected by adding a significant quantity of externally generated heat in the range of 100°C to 400°C into the 300 bar recycle CO₂ stream corresponding to the heat required from points I to J. A convenient source of heat can come from the adiabatic operation of the ASU air compressors and the CO₂ recycle compressor. Although this increases the compressor power, the overall effect is net positive. The total adiabatic power input to the recycle CO₂ stream produces an equivalent drop in required fuel energy input due to the reduction of temperature difference at the hot end of the recuperating heat exchanger.
An important factor in achieving high net cycle efficiency is to use a high turbine inlet temperature. This temperature, however, is limited by the maximum allowable temperature of the 30 bar turbine exhaust that exits the turbine and enters the hot end of the recuperating heat exchanger. This maximum allowable temperature depends on the operating pressure selected and the allowable stress level for high nickel alloy such as INCONEL alloy 617 [11] . The operating temperature at the hot end of the heat exchanger is in the range of 700°C to 750°C. This leads to a typical turbine inlet temperature constraint in the range of 1100°C to 1200°C.
Allam Cycle for Solid Fuels
A solid fuel such as coal or biomass must be converted to a fuel gas before it can be utilized in the core Allam cycle power system described above. This system has been detailed extensively in previous work and only a cursory introduction is made here [7] . A basic process schematic of the coal based Allam Cycle can be found in Figure 3 , which incorporates the process with a water quenched coal gasifier. Exiting the quenched gasifier between 250°C to 300°C, the product fuel gas will contain all coal-and POX-derived impurities as well as high quantities of steam. The water quench, plus an additional water scrub followed by final fine particle filtration will remove all slag and inorganic material from the steam/fuel gas mixture. The filtered gas stream is then cooled to near ambient temperature in a heat exchanger. This cooling condenses the steam content for removal, cools the fuel gas, and transfers the released low grade heat to the recycle quench water and the low temperature region of the high pressure CO₂ recycle stream in the power cycle.
Following pre-combustion cleanup, the fuel gas is combusted under lean conditions and any impurities, such as H2S, COS, CS2, NH3, and HCN, are converted to their oxidized forms: SO2, NO, H2O, and N2. The predominant impurities in the low pressure turbine exhaust stream are SO2 and NO/NO2. As above, the exhaust gases are expanded through a turbine and heat is recuperated in the primary process heat exchanger to the incoming cold recycle stream.
At the cold end of the plant the exhaust gas undergoes direct contact cooling to condense combustion derived water and further oxidize and remove any remaining impurities as aqueous acids such as H2SO4 and HNO3 using the remaining oxygen in the process stream. Table 2 shows the reaction sequence [12] . The 30 bar pressure of the turbine exhaust stream ensures that the reaction kinetics of the NO oxidation Step 1 are fast enough for the reaction sequence to proceed with a residence time of only several seconds. This process step has been demonstrated in several locations, including Vattenfall's Schwarze Pumpe pilot plant in Germany [13, 14, 15, 16, 17] . The concentration of H2SO4 will depend on the ambient cooling temperature and the sulfur content in the coal used, varying in the range of 10% to 40% by weight. The H2SO4 can be converted directly to CaSO4 by reaction with a limestone slurry in a simple stirred tank reactor. Ca(NO3)2 is highly soluble in water and can be separately recovered if desired. The nitric acid present will also largely remove any mercury contaminant.
Following post-combustion impurity removal, the process occurs as described above in Section 2.1, returning the recycle CO₂ back to the combustor via the main process heat exchanger while venting a portion of the now clean CO₂ to a pipeline to maintain inventory mass balance. Additionally, a small portion of the recycle flow may be allocated back to the coal preparation and feeding step. 
Process Modeling
The demonstration plant has been thermodynamically modeled using Aspen Plus. Due to the high operating temperatures and pressures, equations of state for CO₂ and its impurities (such as O₂, Ar, CH₄ and higher chain hydrocarbons, acid gases such as NOx and SOx, and N₂) must be selected carefully. These additional trace compounds can have drastic impacts on the compressibility of the working fluid and must be considered. 8 Rivers Capital undertook an extensive literature analysis prior to modeling work to ensure that the equations of state were selected properly. The results demonstrated that RK-Soave and Peng-Robinson equation of state provided the best empirical match to the operational region of Allam Cycle operation. Static models have been completed using Aspen Plus and dynamic simulations have been completed using Aspen Dynamics and Aspen Custom Modeler.
Technical Development of the Allam Cycle
Overview
In 2012 at GHGT-11 in Kyoto, Japan, the Allam Cycle was presented as a breakthrough carbon capture technology just entering the demonstration pathway. Since GHGT-11, the Allam Cycle has progressed rapidly, garnering significant commercial support, securing substantial investment in its development, undergoing major design advancements, and entering the demonstration phase. A 50 MWth demonstration-scale natural gas version of the plant is currently in construction by NET Power to prove out operation of the cycle and validate performance, control methodology, operational targets, and component durability. In tandem, a commercial effort is underway, with planned operation of the first commercial scale 300 MWe Allam Cycle plant targeted for 2020. Meanwhile, the solid fuel analog of the Allam Cycle is under research and development with a consortium from the State of North Dakota. Preliminary design work is also completed on several other practical integrations of the Allam Cycle.
A summary of the activities:
 In order to demonstrate the characteristics of the cycle and verify the design and operation of the integrated system and individual components, a demonstration plant in La Porte, Texas with a 50 MWth natural gas fuel input is now at an advanced stage of construction. Commissioning will commence by the end of 2016. The plant is expected to reach continuous operation and begin transferring power to the grid by the autumn of 2017. The plant process design has been developed by 8 Rivers. The engineering, procurement, and construction of the plant has been carried out by CBI. The plant will be operated by Exelon. The oxygen will be supplied by pipeline from an Air Liquide facility. The turbine and electric generator are supplied by Toshiba and the high pressure recuperative heat exchanger by Heatric. Comparing the plant operating characteristics to design assumptions and validating the performance of individual components are among important goals of the testing period. Further, the results of the Demonstration Plant will provide future commercial partners the chance to assess performance over various operating modes.
 Toshiba corporation has developed a preliminary turbine design for a 500 MWth system. The objective in the design of the turbine for the demonstration unit has been to scale the size of the unit to provide the necessary confidence in performance guarantees for the full-size commercial turbine. The demonstration turbine utilizes partial arc inlet admission to enable the 50 MWth input to be accommodated on a turbine sized for a possible thermal input of approximately 200 MWth. The turbine was constructed combining high pressure steam turbine technology (utilizing an inner and outer pressure casing) and demonstrated gas turbine technology (for coatings and internal cooling of the turbine blades and inner casing). Beginning with successful operation of a 5 MWth test unit, Toshiba has developed the high pressure combustor, which attained the required maximum test pressure of 300 bar in 2013. The scaled demonstration combustor will be tested using the facilities of the demonstration plant before being commissioned as an integrated part of the complete combustion turbine assembly. In practice, the 200 MWth turbine will use a disproportionately large CO2 cooling flow which will lower the overall system efficiency versus a commercial plant. Toshiba has also developed a proprietary turbine control system in cooperation with the NET Power process design methodology.
 Heatric has completed the design and manufacturing of the primary high pressure recuperative heat exchanger. Their fabrication technique involved construction of a multi-channel diffusion bonded unit. The units were combined to form monolithic blocks which comprise the heat exchanger battery. This heat exchanger unit was produced in 4 separate assemblies. The high temperature section operates to cool the turbine exhaust flow from approximately 700 o C down to 550 o C. It is fabricated from 617 alloy which is able to withstand the required operating temperature under 300 bar pressure. The remaining 3 sections cool the turbine exhaust to an exit temperature of approximately 60 o C. These are fabricated from 316L stainless steel.
 8 Rivers has developed a dynamic simulation model for the 50 MWth demonstration plant. This model is based on the actual design sizing and capacity, process conditions, configuration, and control methodology of the demonstration facility. The model will be further calibrated with empirical data from the demonstration plant. In addition to ongoing process development, the simulator is providing advanced validation of the DCS provided by Emerson. Operator training utilizing the simulator via the control system and software is in progress. In addition to its primary use in demonstration plant control, it will serve to further demonstrate the expected functionality of a commercial scale plant.
 The NET Power team is in the process of designing the 300 MWe commercial plant (at ISO ambient conditions). The lessons learned from the design and construction of the demonstration plant have already proven valuable in achieving the objectives of high efficiency, low capital cost and reliability. Operational feedback from the demonstration plant will be available before the detailed design is completed to further inform design.
 8 Rivers has completed design studies on application of the core Allam Cycle to various practical operating situations. Studies have continued to improve the design of the gasified solid fuel Allam Cycle which has included experimental work on an SOx/NOx purification system with the cooperation of a consortium from the state of North Dakota. Further studies have suggested the use of liquefied natural gas will allow the turbine exhaust (following drying and cooling to near atmospheric temperature) to be liquefied and then pumped to the 300 bar operating pressure for the CO2 recycle stream. This eliminates the energetically costly step of compression to the supercritical CO₂ state and likewise saves the heat required for LNG heating to ambient temperature. Existing coal-fired steam cycle power stations can be upgraded by heating the superheated steam exiting the boiler to 700 o C to 750 o C in the primary Allam Cycle recuperative heat exchanger allowing for extra production at higher efficiency with no additional CO2 emissions.
Demonstration Plant: Components, Layout, and Modeling
The Allam cycle design operates largely with the use of equipment already proven in the energy, petrochemical or oil/gas industries. However, several vital pieces of equipment required development. The two most critical are the novel combustion turbine provided by Toshiba, and the printed circuit heat exchanger provided by Heatric. These are described in greater detail below. Following these descriptions are an overview of the demonstration plant layout, an introduction to the dynamic simulation work and DCS implementation, and an overview of the demonstration testing plan.
Toshiba: Turbine and Combustor
Toshiba has developed a novel turbine and combustor to match the unique conditions of the Allam Cycle through the integration of technology found in both gas turbines and steam turbines. This hybrid design allows the combustor and turbine to operate at the combination of relatively high inlet temperature and high pressure required by the process. To expedite the commercialization of this technology, Toshiba began with basic engineering design of the anticipated future commercial turbine. This commercial design was then translated to the demonstration plant turbine while ensuring that design similarity was maintained as much as possible. Due to this design process the combustor and turbine, after validation within the demonstration plant, will therefore follow an expedited path to commercialization once the demonstration plant operation is confirmed [9, 10] .
In order to cope with the high inlet temperature, cooling designs and thermal barrier coatings adopted from gas turbine technology were used for the rotor, moving blades, and stationary blades, among other parts. Proven gas turbine materials can be used for most of the hot gas path area since the temperature is not extremely high when compared to existing gas turbines (compare temperatures here). However, large Ni base forging is used in the central portion of rotor to ensure several key design criteria are met: first, that the rotor design remain simple and free of complex geometry, second, to minimize the required amount of cooling flow, and third, to cope with large torque transmission between stages.
A double shell structure consisting of one outer casing and several inner casings is used to safely operate under the required high inlet pressure. This arrangement is typical in high pressure steam turbine technology but differs from gas turbine technology which normally operates at considerably lower pressures. Proven materials in steam turbine technology can thus be applied to the casing when coupled with a small amount of cooling flow. However, Ni base casting is also employed in selected areas where cooling is not applied.
In addition to the turbine development work, the combustor required significant development since GHGT-11. The combustor is highly novel from the viewpoint of both the working fluid present in the combustion region as well as the elevated pressure. The combustion flame involves further challenges as it must maintain stability across a much greater pressure range than typical gas turbine combustors, starting at low ignition pressures and ramping to operating pressure of 300 bar. Initial development of the combustor aerodynamics via thermal and reacting flow modeling with Computational Fluid Dynamic (CFD) analysis guided the development process to a small-scale (5 MWth) rig test. These tests proved fruitful, reaching and validating operation at the required nominal full load combustion pressure of 300 bar successfully in 2013. Figure 4 depicts the test stand for the combustor from these tests [18] . In these tests the oxy-fuel flame exhibited stable diffusion behavior.
Inherent to the design of the oxy-fuel cycle is the absence of nitrogen in the combustor, thereby preventing the formation of NOx. From the standpoint of natural gas combustor design this is one highly beneficial aspect of oxyfuel combustion. One of the most difficult engineering challenges of existing combustors for gas turbines is to design for reduced NOx emissions. The existing development pathway for dry, low NOx combustors typically employs premixed fuel and oxidant as a countermeasure against NOx emissions. However, pre-mixed combustors present concerns with flame stability leading to difficulty in sustained plant operation with varying loading. The Toshiba combustor is low NOx by virtue of oxy-combustion and thus does not necessitate pre-mixed combustion. This implies that very stable operation can be anticipated for the new Allam Cycle combustor under many operational conditions. The design work and research and development described above has now informed the ongoing factory production of the turbine and combustor for the demonstration plant. Figure 5 and Figure 6 show important parts of turbine, its rotor and outer casing respectively. The turbine will be assembled and shipped from Toshiba in October 2016, and the combustor will be shipped early 2017.
Heatric: Main Process PCHE
Heatric are the heat transfer technology specialists and are designing and manufacturing a set of high pressure, high integrity and high performance heat exchangers for NET Power's demonstration plant. Maximizing energy recovery is a key driver in the thermally driven power market. In particular, the Allam Cycle has exacting performance requirements that are nearly impossible to achieve using conventional heat transfer equipment. Heatric's diffusion bonded heat exchangers are able to achieve the very close temperature approaches required.
Each Exchanger is constructed from individual 1.6mm thick plates into which the process channels are chemically etched in a complex arrangement of patterns optimized for the application, allowing for counter-current, parallel or multi-pass cross-flow geometries. The channel pattern is applied using methods similar to the manufacture of Printed Circuit Boards in the electronics industry. While in this particular case there is one process stream per plate, the flexibility of the manufacturing method allows for two or more separate flow streams with the necessary inlet and outlet channels to co-exist on individual plates as well. The plates are then stacked to form a block and are diffusion bonded together. The solid state joining process -which does not include any joining consumables -promotes grain growth across the faying surfaces of the stacked plates such that the product is a homogeneous block with the engineered process channels encased within. To achieve the required duty, multiple blocks are joined together. The inlet and outlet connections of the core faces are covered with headers which are welded to the diffusion bonded cores, which distributes the process evenly throughout the core.
The Heat transfer package is comprised of a four stage high pressure, high temperature heat exchanger network for the main process stream and a separate main recycle compressor aftercooler. The vessels are designed for temperatures between 100°C and 705°C as well as pressures up to ~300 bar. Figure 7 is a photograph of the low temperature section of this network. Figure 8 is a photograph of the main compressor aftercooler. A CFD layout of the demonstration plant main heat exchanger network is found in Figure 9 . This configuration is not indicative of the full commercial scale main process network as ongoing development has led to significant improvement of its design and configuration.
The design of the main process heat exchanger uses the common 30 bar hot exhaust stream exiting the Toshiba combustion turbine to provide for the duties of the high pressure CO₂ main process recycle stream and the oxidant mixture stream returning to the combustor. The staged heat exchanger network enables the bulk of the required surface area to be manufactured from Stainless Steel 316, minimizing the expense of exotic alloys, which are reserved only for the hottest section, with the high temperature heat exchanger constructed from Alloy 617. Three of the four stages and the associated pipework have been delivered to site in La Porte, Texas with the remaining stage well into the construction phase at Heatric's main manufacturing base in Poole, England.
Plant Construction and Layout
Commencing Q1 2016, NET Power began construction on the Allam Cycle demonstration plant using natural gas fuel at La Porte, Texas. The detailed engineering, procurement and construction of the plant has been undertaken by CB&I. The operation of the plant will be handled by Exelon. 8 Rivers has been responsible for providing the process design and technology package to NET Power together with the control system and the dynamic simulation models for plant operation.
The demonstration process will match the operating conditions of the core Allam Cycle and the expected commercial temperatures and pressures. As described above, Toshiba has provided the combustion turbine. Exiting the turbine, the exhaust gas enters the main recuperator heat exchanger provided by Heatric. The turbine exhaust exiting the cold end of the recuperator is then cooled to near ambient temperature and combustion-derived H₂O condensed in the direct contact condensing column. The predominantly CO₂ recycle flow then reaches the compression step. The primary process compressors are multi-stage, intercooled centrifugal compressors. These compressors have been extensively operated in commercial applications at comparable temperature and pressure profiles. Following compressor after-cooling to achieve the correct pump suction density, the process fluid reaches the primary process pumps which provide the driving force for mass flow to the heat exchanger and combustor, increasing pressure back to approximately 310 bar.
In lieu of a devoted on-site ASU, the demonstration plant will receive a pure oxygen supply at approximately 30 bar pressure by pipeline from an adjacent Air Liquide air separation plant. This is mixed with the cooled and condensed CO₂ recycle stream exiting the direct contact condenser to create an oxidant stream separate from the main recycle stream to provide an oxidant chemistry containing about 25% by mole of O₂. The oxidant stream is compressed in a separate compressor followed by a cooler and a separate multi-stage centrifugal pump to raise the pressure to 310 bar. This high pressure oxidant stream is heated against the turbine exhaust within the recuperator heat exchanger alongside the primary recycle flow.
The turbine pedestal requires special consideration. The high pressure CO₂ turbine provided by Toshiba drives an electric motor through a gearbox. Natural gas fuel is supplied by pipeline and compressed to the appropriate upstream control pressure which is fed through valves to the combustor. Additionally, recirculating hot oxidant and recycle flows are fed from the hot end of the Heatric heat exchanger to the combustor using high pressure and high temperature nickel alloy piping. At the opposite end of the turbine sits the main CO₂ recycle compressor which is coupled to the turbine rotor shaft. This allows the compressor to act as a brake to limit turbine over-speed in the event of load disconnection. The seal of the turbine shaft leaks a portion of the recycling CO₂ which can be recovered. At full load conditions this leak is negligible compared to the mass inventory addition provided by the fuel and oxidant. However, during plant startup it is desired that this inventory be conserved. A piston style compressor elevates the pressure of captured process gas emanating from the gland seal to approximately 30 bar and returns this flow to the cycle.
Construction on the Demonstration Facility began in March 2016 and is planned to be completed in Q2 of 2017. Exelon Generation supported the site selection, permitting and initial development work. CB&I has managed the construction of the facility, with on-site support from Exelon and 8 Rivers. All foundations have been laid, all major equipment is on site or in transit to the site, and pipe work is underway. Status of the construction as of September 20, 2016 can be seen in the photograph in Figure 10 . Commissioning is presently underway. The plant is scheduled to enter into operation in 2016. Exelon will operate the plant and sell the power into Texas' power market.
Simulator Development and DCS Implementation
Being a first-of-a-kind project, 8 Rivers is in the process of developing a dynamic simulator for NET Power for the demonstration power plant to support control system design, process and control optimization, kinetic modeling, operating training, commissioning diagnostics and ongoing research and development. The simulator will be a predictive tool that will be continually improved as empirical data becomes available through demonstration plant testing. The simulator has been built using Aspen Plus Dynamics and Aspen Custom Modeler for the main process and Emerson's Ovation Platform for the balance of plant equipment and the graphics of the actual plant operation as the interface to operators. The NET Power simulator acts as a near digital twin of the demonstration plant, capturing the expected performance of minor and major equipment and the overall plant configuration, inclusive of pipe volumes, dynamic heat exchange, turbine, compressor and pump maps and the NET Power Control System. The simulator will capture the operation of the plant from below ignition to full load performance.
For the Allam Cycle, dynamic simulation is particularly necessary and informative. As a highly recuperated process, the Allam Cycle presents added complexity in the high recirculation flowrates seen within the main loop and the high amount of main process heat transfer. As detailed previously, one of the benefits of using CO₂ is the difference in specific heat between the cold-end, high pressure recycle streams and the hot-end, lower pressure exhaust stream. Therefore, large quantities of high temperature heat can be transferred to the incoming high pressure cold streams without large increases in temperature, adding a barrier to process upsets. However, under varying pressure and changes in temperature of the cold recycle streams, the specific heat of the fluid can vary, resulting in potential nonlinear profile changes within the heat exchangers. The ensuing response can involve behavior across the entire process, as pressures, temperatures, and flowrates resettle at their new equilibrium values. Similarly, as loading and inventory change throughout startup, load change, and shutdown, the impact of changes in demanded mass flowrates and physical properties such as specific heat adds enormous complexity to the heat exchanger balance. This means that the majority of the process complexity is carried in the performance of the main process heat exchanger, which then carries to other parts of the process.
The importance of modeling adequate heat exchange has required close cooperation with Heatric to develop a rigorous model of the heat exchanger network. The dynamic heat exchanger network has laid the foundation for the operation of the other major subcomponents in the model. As a result of this complex interplay, the dynamic simulator provides great predictive power in estimating the impact of process disturbances as well as changes in demand on the performance and operation of the cycle. From an engineering perspective, the simulator has reduced iteration on a "static" thermodynamic simulation software such as Aspen Plus and has likewise provided insight into expected control methodologies, instrument placement, and necessary interlocks and alarm limits. From an operational perspective, the simulator will soon provide operators with a key commissioning and operational diagnostic tool for the demonstration plant. As mentioned above, instrumentation data in the demonstration plant will be used to continually validate, update, and calibrate the property and process models. This work will help to build better understanding of the process responsiveness, and ensure the commercial plant can be optimized across operational regimes and for any given location and performance.
Anticipated Performance, Purpose, and Test Plan
After individual systems have been tested for safety and checked out, overall plant commissioning will focus on reaching full load operation. This will include load rejection tests and run-back tests at various partial load conditions. The testing philosophy for the first several hundred hours is to gather operational data that defines initial performance criteria and to validate the control system with a focus on adjusting warnings, alarms, and trip set points to ensure the plant can be started and tested in a safe and controllable manner. Other tests can be run once the plant has attained sustained full power. These include quantifying the time to start under automated control and varying several key setpoints in the plant's operation to validate and map the performance of the combustor turbine, recuperative heat exchanger, compressors, pumps and water separator. Once the initial performance testing has been completed, mechanical integrity testing will be performed to understand expected turbine cooling effectiveness and perform emergency and abnormal routines.
Of particular importance will be the ongoing validation of thermodynamic models and equation of state, and the refinement of the control methodology based on improved predictive capabilities from empirical data.
Ongoing Development of the Allam Cycle
Solid Fuel Allam Cycle
In parallel to the development of Allam Cycle natural gas system with NET Power, 8 Rivers is developing a process for utilizing solid fuels in the Allam Cycle, including coal and biomass which is reaching an advanced stage of research, development, and component demonstration. It has been reviewed extensively in an earlier paper [7] .
The solid fuel Allam Cycle has the advantage of utilizing the basic power cycle described above, together with its associated cost and performance benefits, but with a derived "syngas" (CO + H₂) fuel which is generated by a conventional gasification process. Possible feedstock for this process include coal, refinery residuals such as tar and petroleum coke, prepared biomass, and solid wastes. In the case of coal, the fuel is first prepared via coal grinding and feed (using either slurry or dry-fed processes) followed by gasification in a commercially available gasifier using pure oxygen, syngas cooling and ash removal, and final cooling to near atmospheric temperature. Several advantageous aspects of the coal-based Allam Cycle that demand special consideration when designing optimum system integration are [7] :
 Gasifier and Coal Input: The Allam cycle can utilize existing gasifier technology and registers high efficiencies regardless of coal rank and type. The optimum Allam Cycle gasifier type is a simple water quench gasifier which provides greater process simplification with a corresponding reduction in capital cost and higher reliability. These also offer excellent ash removal without the issues of deposition and plugging due to condensation of contaminants. The gasifier produces a product gas stream comprising a mixture of 30% to 50% syngas plus steam, with exact composition dependent on the gasification pressure. The syngas cooling from typically 260 o C to 290 o C down to near ambient temperature releases all this large low temperature quantity of heat, derived principally from the condensing steam, by transferring it into the Allam cycle. The effect of this is to recover most of the sensible heat present in the syngas produced from the gasified coal which is leaving the partial oxidation section of the gasifier at over 1400 o C as extra heat input to the Allam Cycle where it has the same fuel value as the syngas. This means that the water quench gasifier has an effective efficiency of about 90%.
 No need for a Water Gas Shift Reactor:
The integration of coal gasification and Allam Cycle power eliminates the need to convert CO to H2 saving the cost of the catalytic shift converters with their large evolution of low temperature heat. The Allam Cycle ensures that near 100% of the carbon derived from the coal is produced as CO2 at pipeline pressure of typically 150bar.
 Ease of Pollutant Removal: Section 2.2 describes in detail the procedure for removal of coal and gasifier derived contaminants from the coal based power system as H2SO4, HNO3, Hg(NO3)2 and CO2. The complex and expensive gas treating systems required on conventional coal gasification plants to remove H2S, COS CS2 and the large quantity of CO2 produced by shift conversion of CO to H2 for CO2 free gas turbine power are simply not required.
 Reduced Water Consumption: The solid fuel Allam Cycle has considerable water savings versus IGCC and SCPC baselines, with the ability to run substantially water free with only minor impacts to overall efficiency.
The coal-based Allam Cycle has been the subject of several feasibility, design, and academic analyses that provide a sound understanding of anticipated cost and performance of the cycle when integrated with various commercial gasification and clean-up systems [19, 20, 21, 22, 23, 7] . This work has shown that the system can perform with a baseload efficiency of up to 52% LHV utilizing commercially available gasification systems and with full carbon capture. This is a significant improvement over new advanced ultra-supercritical pulverized coal (USCPC) at 45% LHV and IGCC at 42% to 48% LHV, each of which operates without carbon capture. Studies have shown that these efficiencies decline by about 8% points when systems capable of achieving about 90% CO₂ capture are added. Furthermore, the coal-based Allam Cycle has been found to achieve significant capital cost savings. The cost and performance benefits of the Allam Cycle over existing USCPC and IGCC systems are even more substantial when costly carbon capture systems are considered for those legacy systems.
Four additional development hurdles have been identified for the commercialization of the solid fuel Allam Cycle:
1)
Selection of the appropriate gasifier technology (optimizing for cost and performance) 2)
Handling of corrosion from additional impurities found in coal-derived syngas 3)
Methods of contaminant removal from the system [7] 
4)
Development of the Allam Cycle combustor for low calorific value and hydrogen-containing fuels [23] 8 Rivers has partnered with the EERC and several industry and government organizations in the state of North Dakota to undertake at $5 million program to address each of these incremental developments. The initial results for each are very promising.
Commercial Development of the Allam Cycle
Market and Applications Overview
At present, the world must pay more for electricity to capture CO₂ produced by the combustion of hydrocarbon fuels. The Allam Cycle breaks this paradigm, allowing CO₂ capturing plants to produce electricity at prices comparable to traditional power sources that emit CO₂ to the atmosphere. At no additional cost to electricity, vented CO₂ from the Allam Cycle is captured at purity and pressure to be immediately exported. This technology presents a clear and significant market potential in the electricity sector. However, as a platform technology with many applications and the ability to co-produce a number of byproducts, the Allam Cycle technology is capable of dramatically impacting a wide variety of energy markets and sectors.
The Allam Cycle drives important synergies between electric power generation and transportation. In the long term, as improved batteries and fuel cells increase the role of electric and hydrogen powered vehicles, the Allam Cycle may be critical to both technologies: it can be a source of low-cost, low-carbon electricity for a growing electric vehicle load, and technology developments are underway to use the Allam Cycle for low-cost hydrogen production.
In the more immediate term, the Allam Cycle can play a critical role in producing more conventional transportation fuels while sequestering emissions from the power sector. Allam Cycle plants can export to the large network of CO₂ pipelines already in existence in the US, which are primarily used by the enhanced oil recovery industry. These networks exist in the United States due to the presence of several geologic domes that contain low-cost CO2. The broader adoption of the Allam Cycle would justify and motivate the development of these pipeline networks in other regions where enhanced oil recovery is possible, but CO2 previously has not been available.
When CO₂ captured from power production is utilized for enhanced oil recovery, the net effect of the process improves the emissions profile of the aggregate transportation and power sectors significantly. CO₂ captured from power sources offsets transportation fuels with carbon that would otherwise be released to the atmosphere. By combining the power generation fuel "system" with the transportation fuel "system," we cease emitting CO₂ from both systems and, instead, limit it to the CO₂ emissions from the transportation system. In addition, the demand for CO2 for enhanced oil recovery drives the development of a CO2 transportation infrastructure that can later be used for other purposes, such as for direct geologic sequestration of CO2.
The coal version of the Allam Cycle also presents important opportunities. The two primary forces driving decreased coal usage are its environmental impact and the prevalence of low cost natural gas (especially in the United States). When applied to coal, the Allam Cycle helps address both of these issues. First, it allows for coal to be used in a way that allows for full capture/abatement of not just CO2, but also SOₓ, NOₓ, and mercury. In addition, the Allam Cycle increases coal's competitiveness versus natural gas because it is about 10 percentage points more efficient than traditional coal cycles. Moreover, CO2 from the Allam Cycle can be used to extract methane from coal through the process of enhanced coal bed methane recovery. Thus, whether through using coal directly for power generation or through ECBMR, the Allam Cycle can drive economic relief for regions that have been hard hit by the diminished demand for coal and enable regions of the world that are likely to continuing to burn coal for power generation, such as China and India, to do so economically and without generating air emissions The Allam Cycle can also impact natural gas utilization and markets. A version of the Allam Cycle has been designed where it is coupled with an LNG regasification plant, allowing for efficiencies approaching 67%. This is achieved by utilizing the cold LNG to cool the Allam Cycle CO2 recycle stream to a point where it can be directly pumped, eliminating the energy-intensive compression step. In high gas price environments, such as nations that rely on imported LNG, these high efficiencies can enable gas-based power generation to become more economical and would cause combined cycle technologies to become economically obsolete. Separately, for natural gas producing regions, the Allam Cycle can further reduce the cost of natural gas. The cycle accomplished this through being able to directly combust unprocessed gases (including flare gas, acid gas and sour gas), thereby avoiding the expensive steps needed to process the gas for pipeline transportation and power generation.
Other commercial opportunities derive from the gases inherent in the Allam Cycle oxy-combustion process. Valuable gasses that can be co-produced by the Allam Cycle's oxygen-producing air separation units include argon and nitrogen. In particular, nitrogen's role in the manufacture of ammonia, urea and fertilizer, and the agriculture that could follow, would benefit large parts of the world.
Core Market Size
Four different markets have been analyzed to determine a total addressable market for the Allam Cycle. The results of that analysis are shown in Figure 11 . These include the following, estimated by the IEA and independent sources: 1. The global market for new and replacement fossil fuel plants through 2025 [24] 2. The global market for new and replacement fossil fuel plants through 2040 [24] 3. The needs for CO₂ for enhanced oil recovery [25] . 4. The needs for CO₂ for enhanced coal bed methane recovery [26] .
As can be seen, the total addressable markets are substantial. Several important notes about this data should be considered:
 Transportation (pipeline) costs are disregarded (note, however, that 14 Allam Cycle natural gas turbines or 7 coal turbines will justify the construction of 800 miles of CO₂ pipelines if the CO₂ is used for enhanced oil recovery).  If given a choice of using CO₂ to produce a long chain hydrocarbon (in enhanced oil recovery) or a methane molecule (in enhanced coal be methane recovery), the long-chain hydrocarbon is preferable if transportation costs are equal.  Enhanced coal bed methane justifies smaller pipeline networks, but coal beds provide excellent sinks for cash-positive CO₂ sequestration  Tax laws can provide substantial enhancements to CO₂ sequestration and enhanced fuel recovery  Low-carbon fuel standards, such as in California, have been underestimated as potential revenue sources for using technologies like the Allam Cycle to reduce the carbon intensity in the fossil fuel business and could lead to further market opportunities.  There are many more uses for CO₂ than EOR and ECBMR, and many of these are currently being developed in connection with an X-Prize competition.
Commercialization Steps
Given the various applications and benefits of the Allam Cycle that have been discussed, it is clear that a variety of developmental opportunities exist. At present, the commercial development program for the Allam Cycle is centered around developing a 300 MWe natural gas plant design, viewed as the core of the Allam Cycle process, with a focus on driving competitiveness through a high level of modularity and manufacturing efficiency. From there, the first commercial natural gas plant can be built. Meanwhile, the components that are unique to the coal Allam Cycle will be developed and demonstrated so that it can rapidly follow the commercial deployment of the gas cycle. Development of a low-BTU-fuel combustor, capable of burning natural gas, unprocessed gases, and syngas, is essential to that process. Following these critical steps, Allam Cycle development can be extended into new fields or more advanced versions of the cycle, including: further exploitation of economics of scale (e.g. the cost benefits seen as conventional turbine manufacturers have moved from F frame to H frame units); development of smaller, more modular units; and extension into LNG applications and the fields of N₂ and H₂ production.
The demonstration plant is a key gating factor for the development of the first commercial plant. Given the anticipated timeline for start-up and initial testing of the demonstration plant, sufficient data is expected to be available by late 2017 to allow Toshiba to commence design and manufacture of the 300 MWe turbine, and to allow financial close to be reached by the end of 2017 or the beginning of 2018. Based on current design and construction timeline estimates, this would lead to a commercial operation date in early-to-mid 2020. Several electrical power producers and oil and gas companies are currently in the due diligence phase for partnering in the construction and operation of this plant.
The First 300 MWe Plant
A pre-FEED for the first 300 MWe commercial plant was first completed in 2013 and was used as the basis for the design of the demonstration plant. At present, that pre-FEED is undergoing an update, building off of lessons learned from the demonstration plant. Learnings from the demonstration plan will continue to be incorporated into the commercial plant design throughout the completion of construction, start-up and testing of the demonstration facility. The commercial unit is being designed around principles of cost and performance optimization, with a particular focus on incorporating advanced modular design concepts where possible. Customer feedback is being solicited throughout the design process to ensure feedback on sizing, flexibility, operational profile, maintenance, and other key design features are incorporated.
The current performance targets, at ISO conditions, for the first commercial plant are presented in Table 3 below: 
Conclusions
The Allam cycle power system offers a pathway to the continuing use of hydrocarbon fuels for the generation of power at low cost with near complete capture of greenhouse gases, making it a critical technology in addressing global climate change. The 50 MWth Demonstration Plant construction is well underway, and is planned to be operational in 2017. The first full-scale commercial plant should enter operation in 2020. The gasified solid fuel and coal based system offers CO2 free power at high efficiencies and costs lower than comparable systems which do not employ carbon capture. This system is currently being advanced. The disrupting economics of Allam Cycle carbon capture Cycle and its ability to integrate with a variety of processes presents several viable and unique commercialization opportunities under continual development.
